Emerging evidence suggests that chromatin adopts a nonrandom 3D topology and that the organization of genes into structural hubs and domains affects their transcriptional status. How chromatin conformation changes in diseases such as cancer is poorly understood. Moreover, how oncogenic transcription factors, which bind to thousands of sites across the genome, influence gene regulation by globally altering the topology of chromatin requires further investigation. To address these questions, we performed unbiased high-resolution mapping of intra-and interchromosome interactions upon overexpression of ERG, an oncogenic transcription factor frequently overexpressed in prostate cancer as a result of a gene fusion. By integrating data from genome-wide chromosome conformation capture (Hi-C), ERG binding, and gene expression, we demonstrate that oncogenic transcription factor overexpression is associated with global, reproducible, and functionally coherent changes in chromatin organization. The results presented here have broader implications, as genomic alterations in other cancer types frequently give rise to aberrant transcription factor expression, e.g., EWS-FLI1, c-Myc, n-Myc, and PML-RARα.
M ounting evidence suggests that many genes dynamically colocalize to shared nuclear compartments that favor gene activation or silencing (1) (2) (3) . As demonstrated by chromosome conformation capture (3C) (4), ligand-bound androgen receptors (AR) and estrogen receptors mediate looped chromatin structures resulting in coordinated transcription of target genes (5, 6) . In embryonic carcinoma cells, the PolyComb complex subunit EZH2 represses some of its target genes via the formation of similar looped chromatin structures (7) . Trans-interactions that regulate gene expression have also been reported (8) (9) (10) . These data suggest that oncogenic transcriptional regulators are capable of inducing changes in chromatin structures. These studies have mainly focused on local chromatin structures, and it is still unclear whether more global changes occur in the process of oncogene-mediated transformation. A broader implication of these observations is that global chromatin organization changes could impact functional and phenotypic aspects of cancer.
To globally investigate oncogene-mediated chromatin structure changes we focused on ERG, the ETS-family transcription factor most frequently rearranged and overexpressed in prostate cancer through the TMPRSS2-ERG and other gene fusions involving androgen-responsive promoters (11) (12) (13) . ERG interacts with several cofactors (14) and other transcription factors including AR to regulate the expression of thousands of genes that favor dedifferentiation, cell invasion, and neoplastic transformation of prostate epithelium when overexpressed (15) (16) (17) (18) (19) (20) . We therefore hypothesized that changes in global gene expression induced by ERG overexpression could be associated with global changes in the 3D structure of chromosomes.
Results ERG Overexpression Is Associated with Chromatin Topology. To test our hypothesis, we used stable isogenic, normal benign prostate epithelial cell lines (RWPE1) (21) that differ with respect to ERG overexpression (17) (Fig. S1A ). To test whether ERG overexpression is associated with global changes in chromatin structure, we performed unbiased chromatin interaction mapping using the Hi-C technique (22) from both RWPE1-ERG and RWPE1-GFP cells, with biological replicates (Fig. 1A and Fig.  S1A ). Successful fill-in and ligation were determined as previously reported (22) by testing for a known interaction between two distant genomic loci located on chromosome 6 (23) (Fig. S1B) . The Hi-C libraries were paired-end sequenced using an Illumina GAIIx platform. Following alignment to the human genome (hg18) and filtering to remove unligated and self-ligated DNA, we identified intrachromosomal (or cis-) and interchromosomal (or trans-) interactions in both RWPE1 cell lines. Correlation matrices obtained from independent biological replicates were highly similar in both cell lines (Pearson's correlation coefficient r = 0.99), indicating that the interaction patterns are highly reproducible. Biological replicate interactions were therefore combined for further analyses. In total, we identified 18.4 million intrachromosomal (or cis-) and 18.3 million interchromosomal (or trans-) interactions in RWPE1-ERG cells (Dataset S1). We also identified 16.9 million cis-and 18.6 million trans-interactions in RWPE1-GFP cells.
To visualize global patterns of cis-interactions, we binned the genome (chromosomes 1-22, X) into 1-Mb intervals and calculated the ratio between observed and expected number of interactions connecting each interval pair. We then generated correlation heat maps depicting the extent to which pairs of genomic intervals interact with the same intervals, on the basis of the assumption that if two loci are close in nuclear space, their patterns of interaction with other loci should be highly correlated. Confirming prior observations (22) , the heat maps showed Data deposition: Hi-C and ChIPseq data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE37752). O.E. and M.A.R. contributed equally to this work. 3 To whom correspondence should be addressed. E-mail: rubinma@med.cornell.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1112570109/-/DCSupplemental. plaid patterns, indicating that each chromosome is composed of domains that are either enriched (red to yellow) or depleted (green) for cis-interactions (Fig. S2) .
The patterns of enriched and depleted cis-interactions were predominantly similar between the two cell lines for each chromosome but some differences were visible (Fig. S3 A-C) . Because gains and losses of a correlation can be due to gains and losses of other interactions shared by the two loci, we wanted to quantitatively identify differences in cis-and trans-interactions between the two cell lines. For this, we evaluated the statistical significance of the differences in interaction counts, using Fisher's exact tests coupled with Benjamini-Hochberg corrections (SI Computational Analysis). Using an adjusted P-value threshold <0.05 (5% FDR), we identified 8,611 cis-and 86 trans-interactions with significant differences between the two cell lines (Fig. 1B) . Among the 8,611 cis-interactions, 2,501 and 6,110 increased and decreased in proximity in RWPE1-ERG vs. RWPE1-GFP cells, respectively. Interestingly, we found a differential interaction between loci containing two genes highly relevant for prostate cancer, TMPRSS2 (the most common ERG fusion partner and itself an ERG-target gene) (20) and TFF3 (a gene that is ∼800 kb away from TMPRSS2 and also an ERG target gene) (17) in RWPE1-GFP cells. This interaction was abrogated in the presence of ERG (P = 0.01, Fisher's exact test; Fig. S3D ). To test this result, we performed targeted PCR from 3C libraries (3C-PCR) generated from asynchronous cells from the two cell lines. Consistent with the Hi-C data, the interaction between the promoters of TMPRSS2 and TFF3 was enriched in control cells (RWPE1-GFP) and depleted in the ERG overexpressing cells (Fig. S3D) .
One of the most statistically significant cis-interaction changes involved two distant regions on chromosome 6 (regions between p22.3-12.3 and q22.31-25.32); these regions interact significantly more in cells overexpressing ERG compared with control cells ( Fig. 2A and Fig. S3A ). We also observed loss of interactions in RWPE1-ERG cells [e.g., chromosome 10 (regions between p15.3-p13 and q21.3-25.1, Fig. S3B ) and chromosome 13 (regions between q12.11-13.1 and q13.1-21.1, Fig. S3C )]. Consistent with previous findings (22), we detected more trans-interactions between small, gene-rich chromosomes (e.g., chromosomes [16] [17] [18] [19] [20] [21] [22] than between larger chromosomes in both RWPE1-ERG and RWPE1-GFP cells (P = 1.4 × 10 −9 and P = 4.1 × 10
, respectively, Mann-Whitney tests; Fig. S4A ). Moreover, specific regions of chromosomes tended to interact preferentially on the basis of high-resolution heat maps of normalized interactions between all cytogenetic bands (Fig. S4B ). RWPE-1 cells have been reported to be primarily diploid and to harbor specific translocations involving chromosomes 9, 12, 18, and 21 in at least 90% of the cells (21) . To determine whether additional, unreported translocations accounted for the enriched Hi-C interactions, we performed spectral karyotyping of both cell lines (24) . The karyotypes observed in the two cell lines were identical, barring a der (13)t(13;15)(q12;q12) unique to ERG overexpressing cells (Fig.  S5A) , and also detectable using chromosome painting (Fig. S5B) . Accordingly, our Hi-C data show a specific increase in interaction between chromosome 13 and chromosome 15 in RWPE1-ERG cells (Figs. S4B and S5C). The spectral karyotyping results thus indicate that changes in interchromosomal interactions detected by Hi-C sometimes represent translocations. However, further inspection of the Hi-C and spectral karyotype data shows that several ERG-or GFP-specific trans-interactions revealed by Hi-C are unlikely to be translocations. This result includes Hi-C-predicted interactions between chromosomes 4 and 21 and between chromosomes 4 and 13 in ERG cells, both of which involve regions that are ∼3 Mb long, and between chromosomes 5 and 9 in both cells, which involve much larger regions of each chromosome ( Fig. 1B and Figs. S4B and S5A).
ERG Binding Is Enriched at Loci Whose Interactions Differ Between the
Cell Types. To characterize ERG binding and ERG-mediated gene expression changes in these cells, we performed chromatin immunoprecipitation combined with high-throughput sequencing (ChIP-seq) and RNA sequencing (RNA-seq). ERG was bound to 6,398 sites in RPWE1-ERG cells, of which 23.4% were associated with promoters (±2 kb from transcription start sites), 30.8% of ERG binding sites were intronic, and 42.9% occurred >2 kb away from known genes (Fig. 2B) . Unbiased DNA motif analysis (25) detected the ETS response element as the most represented element within the ERG peaks ( Fig. S5D and Dataset S2). ERG was bound to its own promoter as well as to known ERG target genes in prostate, e.g., ADRB2, CDH1, DAB2IP, FKBP5, SLC45A3, LAMC2, KCNS3, and SERPINE1 (18, 20) , and in nonprostate tissue, e.g., ICAM2 and CDH5 (26) . Importantly, our results indicate that hotspots of differential chromatin interaction, i.e., loci that have the most differential interactions with other loci, are highly enriched in ERG binding (P < 10
; Mann-Whitney test; Fig. 2C and Fig. S5E ). of paired-end RNA-seq data from both cell lines, 1,266 genes were differentially expressed (more than twofold change), indicating that ERG is highly active in RWPE1-ERG cells and induces global gene expression changes. Similar to Lieberman-Aiden et al. (22), we observed that the most highly expressed genes are in closer nuclear proximity than expected by chance, comparing randomly selected genes from both cell lines (P < 10 −299 in GFP and ERG; Fig. S6A ). This observation would support the view that active genes reside in transcription-prone nuclear areas, i.e., transcription factories or hubs. We also found that the 1,266 differentially expressed genes between ERG and GFP cells were in close proximity in ERG cells but also in GFP cells (P < 10
, Fig. S6 B and C). However, we found that 777 (65%) of the 1,266 ERGregulated genes are mapped to differentially interacting genomic regions between ERG and GFP cells (Fig. 3A) . This set of 777 genes is hereafter denoted as the "interacting gene set." The other 489 (35%) genes were not found to be significantly interacting or showed no difference in interaction between ERG and GFP cells (Fig. 3A) . On the basis of Gene Ontology analyses ( Fig. 3B and Dataset S3) the interacting gene set was significantly enriched with genes encoding for proteins that promote cell motility and invasion (adjusted P = 0.017, Fisher's exact test), which are phenotypes induced by ERG overexpression (16, 18) . Genes associated with urogenital development (e.g., HOXA, -B, and -C gene cluster members PYGO1 and NKX3.1) were also significantly enriched (adjusted P = 0.004). This result is consistent with ERG expression disrupting the normal lineage-specific prostate cell differentiation and promoting an EZH2-mediated dedifferentiation program (20) . Cluster analysis using RNA-seq expression of the interacting gene set partitioned 50 human prostate cancer samples into subgroups that are associated with ERG rearrangement status (Fig. S7 , P = 0.0195, Fisher's exact test), suggesting that gene expression changes associated with ERGassociated cis-and trans-interactions are highly relevant in the context of aggressive prostate cancer.
Many of the genomic loci containing differentially expressed genes are spatially interconnected, as shown using a network representation (Fig. S8) . In Fig. S8 , nodes correspond to 1-Mb genomic regions containing the differentially expressed gene(s) and the lines connecting the regions (edges) indicate interactions either enriched in RWPE1-ERG (orange edges) or depleted (blue edges) compared with RWPE1-GFP. Node color and shape indicate expression status of the indicated gene(s) in RWPE1-ERG relative to RWPE1-GFP cells and ERG binding, respectively. As shown in Fig S8A, Gene Ontology (GO) analysis results showing a subset of the significant categories (adjusted P value <0.05), using the interacting gene set. There were no significant categories based on the noninteracting gene set.
Non
6 and includes FYN, a known prostate cancer oncogene with a role in cell invasion (27, 28) , and MOXD1, a gene up-regulated in primary compared with metastatic prostate cancer (29) . These genes are bound by ERG proximally or distally (Fig. S8B ). This network analysis revealed a variety of patterns of interaction and expression changes that are consistent with ERG-associated formation or disappearance of transcription or repression factories. For some genes, increase in proximity correlated with increased expression, consistent with the formation of an active transcription factory. For example, the MOXD1 gene specifically interacts with FYN, SERPINB9, and ARMC2 in RWPE1-ERG cells, and all of these genes are overexpressed in these same cells. In other cases, a decrease in interaction in RWPE1-ERG cells was associated with increased expression, consistent with potential escape from a repression factory. For example, MOXD1 and HEY2, SYNE1 are farther apart in RWPE1-ERG cells than in RWPE1-GFP cells and these genes are up-regulated in RWPE1-ERG cells, similar to what we observed for TMPRSS2 and TFF3. We then sought to validate a subset of these interactions using fluorescent in situ hybridization (FISH) and 3C-PCR. We also validated expression changes of genes located within these regions, using quantitative RT-PCR. Using the MOXD1 genomic locus as the anchor point, 3C-PCR data revealed an increased number of interactions involving distant loci enriched in RWPE1-ERG cells (20.6 Mb, MOXD1-FYN interactions; and 129.69 Mb, MOXD1-SERPINB9 interactions; Fig. 4 B and C) or in the RWPE1-GFP cells (6.65 Mb, MOXD1-HEY2 interactions). FISH analysis also confirmed the enriched interaction between loci containing MOXD1 and SERPINB9 or FYN and HEY2 in the RWPE1-ERG cells compared with RWPE1-GFP cells. We then sought to determine whether certain chromosomal interactions are dynamically orchestrated during the cell cycle. FISH analyses on synchronized cell lines showed significantly enriched interactions between regions associated with MOXD1 and SERPINB9 in cells enriched during the G1 phase (P < 0.0001, two-tailed Fisher's exact test) compared with the G 2 /M phase (P = 0.5004, Fig. S9 ). These results confirm the cellcycle dependency of some of the interactions initially identified by Hi-C from unsynchronized cells. We then wanted to know whether ERG-associated interactions could be observed in another isogenic cell type overexpressing ERG. For this analysis we generated two independent 3C libraries from DU145 prostate cancer cells, with (DU145-ERG) or without (DU145-GFP) stable ERG overexpression (Fig. 5A) . As a control, we generated a DU145-ERG cell line stably expressing an shRNA that targets ERG mRNA (DU145-ERG shRNA-ERG). As observed in the RWPE1 cells, we found that ERG expression is associated with increased interaction between the chromosome 6 loci containing MOXD1 and SER-PINB9 and with the overexpression of both genes (Fig. 5B) . Knocking down the ERG protein in the DU145-ERG shRNA-ERG cells led to decreased interaction between these loci and abrogated the overexpression of both genes, providing further evidence of the dynamic nature of ERG-associated chromosome interactions. Although FYN was overexpressed in conjunction with ERG overexpression (Fig. 5C) , we did not find any difference in interaction between MOXD1 and FYN in DU145 cells as we found in RWPE1-ERG cells. This result indicates that a subset of ERG-associated interactions is also dependent on cellular context and genetic background and does not always form upon ERG overexpression.
Discussion
This study provides the characterization of the correlation between the overexpression of an oncogenic transcription factor (ERG) and changes to the 3D chromosome structure. It has been proposed that ETS-rearranged prostate cancer, similar to other translocation-associated tumors, represents a distinct molecular subclass of prostate cancer (12) . Our data show that overexpression of ERG is associated with broad chromatin topology changes and, interestingly, that ERG binding is significantly associated with hotspots of differential chromatin interactions. The shift in chromatin territories that may be associated with differential chromatin interactions appears to correlate with changes in the expression of a subset of genes relevant to aggressive prostate cancer. However, this correlation does not directly imply causality as the associations observed could be resultant of clonal selection of the cell lines assayed. Further experiments will be required to characterize more precisely the subset of ERG-associated interactions that are directly caused by ERG binding. Such characterization could be achieved, for example, using an inducible system in which the timing of ERG expression can be tightly controlled and alterations in proximity and DNA binding are quantified concurrently.
Of note, combining our Hi-C data with spectral karyotyping and chromosome painting led to the detection of a translocation between chromosomes 13 and 15 that is specific to ERG-overexpressed RWPE-1 cells. Moreover, we found that ERG binding is enriched at several loci in chromosomes 13 and 15 whose interaction status changed as a function of ERG overexpression compared with other genomic regions, e.g., two regions in q14.12 and q22.1 on chromosome 13 (P = 0.024, Mann-Whitney test; Fig. S5C ). It has been shown that ERG induces DNA damage (30) and that there is a positive correlation between the location of breakpoints in ETS-rearranged tumor cells and transcriptional or chromatin compartments of active genes (31) . This observation is intriguing given that others have shown that active genes (1, 22) and translocated genes (2) (32). Our data support the notion that conformational proximity associated with overexpression of an oncogenic transcription factor may play an important role in translocation partner choice. Taken together, these data-although currently correlative-lead us to speculate that ERG overexpression may favor the formation of secondary genomic alterations. Supporting this hypothesis, the TMPRSS2-ERG gene fusion is an early event in prostate cancer and is almost always associated with other genomic alterations. Nonetheless, it is important to remember that the observed correlation between ERG overexpression and a novel translocation does not imply causality. Moreover, although this translocation was observed in independent clonal populations of RWPE1-ERG cells, we cannot entirely exclude the possibility that this translocation did not arise through an incidental clonal selection of a nonregulated process. Further experiments, e.g., using an inducible ERG expression system as described above, are required to determine whether ERG binding is directly involved in mediating translocations such as the one observed here. We also note that, whereas the resolution for detecting rearrangements using our approach (multicolor FISH and G-banding) is ∼0.5-1.5 Mb (24, 33), we cannot entirely rule out translocations accounting for the trans-interactions involving smaller chromosomal regions that were enriched in the ERG overexpressing cells. Moving forward, high-resolution assessment of structural changes, e.g., using whole-genome sequencing, should accompany large-scale chromosome capture data interpretation to better resolve differences between proximity and genomic rearrangements. Finally, our findings also extend beyond the context of the prostate as many driving genetic lesions in other cancer types involve aberrant expression of transcription factors due to genomic alterations, e.g., EWS-FLI1, c-Myc, n-Myc, and PML-RARα. We hypothesize that overexpression of other oncogenic transcription factors also alters 3D chromatin structure in different cellular contexts.
Methods
Human Cell Lines. RWPE1 and DU145 cells were obtained from ATCC and maintained according to the manufacturer's protocol. Isogenic cell lines generated to overexpress either truncated ERG (most commonly encoded isoform based on TMPRSS2-ERG fusion) have been previously described (17) .
Hi-C Library Generation. Fifty million RWPE1-ERG or RWPE1-GFP cells were fixed and processed to generate Hi-C and 3C libraries as previously reported (22) . Briefly, cells were cross-linked and the chromatin was digested with HindIII, ligated after fill-in with biotin-conjugated dCTP, and purified using streptavidivin-conjugated magnetic beads. The Hi-C libraries were then paired-end sequenced using an Illumina GAIIx platform, resulting in replicate-combined 158.5 million and 159.2 million paired-end DNA sequence reads from RWPE1-ERG and RWPE1-GFP, respectively. Sequences for all primers used to validate Hi-C and RNAseq data are given in Dataset S4.
ChIP-seq. ChIP-seq data from 50 million RWPE1-ERG cells were generated as previously described (17) . Eight separate chromatin samples were immunoprecipitated with rabbit anti-ERG (Epitomics; 2849-1) that we have shown to be highly specific for ERG protein expression in prostate cancer (34) .
Details regarding all computational approaches and other methods are found in SI Methods and SI Computational Analysis.
